Two experiments investigated the extent to which children's mental arithmetic is constrained by working memory rather than their arithmetical competence. A span procedure was used to measure the limit on English-and German-speaking children's ability to add together pairs of multidigit numbers. The children's ages ranged from 7 years 7 months to 11 years 5 months. Spans for mental addition were higher when the numbers to be added were visible throughout calculation than when they were not, consistent with a working memory constraint. Variation in addition span with children's age and with difficulty of the arithmetical operations approximated to a linear function of the speed of adding integers. A similar speed/span relationship has previously been observed for counting span, an artificial task designed to load working memory by combining separate processing and storage subtasks. We conclude that the natural task of mental addition, which combines processing and storage as intrinsic components, reflects working memory in a similar way. Results were remarkably similar both between cultures and across age groups, consistent with the notion of working memory as a general-purpose resource with dynamics that are indifferent to the detailed nature of operations. ᭧ 1997 Academic Press
Recall gets worse when the arithmetical operations are made harder, indicating that both tasks compete for common limited capacity resources (Posner & Rossman, 1965) . Other evidence suggests that mental operations and temporary information storage load a general-purpose working memory system which normally combines these functions (Baddeley & Hitch, 1974; Daneman & Carpenter, 1980) . Although much has been learned about the characteristics of the working memory system (see, e.g., Baddeley, 1986) , its specific role in supporting mental calculation is still not well understood. It is known that dual task procedures which disrupt working memory impair mental calculation in adults Logie, Gilhooly & Wynn, 1994; Lemaire, Abdi & Fayol, 1996) and children (Hitch et al., 1987) . Further, errors of mental calculation in adults can be predicted by assuming rapid decay of memory traces of the problem information (Hitch, 1978) . There is also some evidence for working memory deficits in children with arithmetical learning difficulties (see Geary, 1993 for a review; see also Hitch & McAuley, 1991; Siegel & Ryan, 1989) . However, the empirical base has been described as slim (Ashcraft, 1995) and the role of working memory in arithmetic has been questioned by recent evidence. For example, an adult neuropsychological patient has been described who could perform complex multidigit mental calculations despite having an exceptionally low digit span (Butterworth, Cipolotti & Warrington, 1996) .
Multidigit mental addition is of particular interest, especially in children, as it is a basic educational skill with many everyday applications. From a cognitive developmental perspective, any constraints on mental arithmetic performance due to working memory are expected to be more severe in children than adults (see, e.g., Case, Kurland, & Goldberg, 1982; Hitch & Halliday, 1983) . However, an important further consideration is that children's multidigit mental addition may be constrained by their arithmetical competence. A priori, this would seem most likely for younger children still acquiring elementary arithmetical skills and concepts. However, it is not clear if there is a progressive changeover from limitations of competence to constraints imposed by working memory in children's mental addition, nor when any such change takes place. The present paper explores these issues.
Two empirical questions were addressed. The first concerned the effect of the way mental addition problems are presented. Previous research showed that adults made fewer mental calculation errors when problem information was made continuously available by providing a written record (Hitch, 1978) . This is readily explained by assuming that the written page acts as an external memory thereby reducing the load on working memory (see, e.g., Newell & Simon, 1972) . To the extent that children's mental arithmetic performance is constrained by working memory, we would expect them to show a similar benefit from having a written record. If on the other hand children's calculation performance is limited by their arithmetical competence, then reducing the load on working memory should not help them. To investigate these predictions, visual and oral procedures for problem presentation were com-pared. The visual procedure was such that the addends remained continuously available for inspection during the calculation. The oral procedure involved a single brief presentation of the problem.
The second question concerned the relationship between the accuracy of children's mental addition and the speed at which they can execute addition operations. Previous research revealed that accuracy in a 'counting span' task, which required counting operations to be combined with temporary information storage, could be predicted from the speed of the operations (Case, Kurland, & Goldberg, 1982 ; see also Case, 1985 Case, , 1995 . Thus, children aged between 6 and 12 were asked to count the number of targets on each of a series of cards, while at the same time remembering totals for previously counted cards. Targets were spots of a different color from distractors. The number of cards was increased over trials and counting span measured the upper limit on the number of totals that could be recalled. Speed of counting operations was measured independently by recording the time taken to count targets with no memory load. The results showed that age differences in counting span and counting time were linearly related, such that older children's higher spans could be predicted from their faster counting. In order to investigate the basis of this relationship, Case et al. (1982) carried out a further study in which they taught adults to count using nonsense syllables. This slowed their counting speed to that typical of 6-year-olds. The interesting effect was that adults' counting spans were reduced to the level of 6-year-olds, as one would expect if counting span is determined by speed of operations. Case et al. (1982) interpreted their results in terms of a trade-off model in which a limited total processing space is divided between mental operations (counting) and information storage (remembering previous totals). For present purposes processing space can be equated with working memory capacity, and detailed differences between the two theoretical concepts can be ignored. Case et al. (1982) assumed that the speed of mental operations reflects the efficiency of processing and that more efficient operations require less working memory capacity, leaving more free for storage. Given the further assumption that capacity does not change during development, the linear increase in counting span as a function of counting speed can be explained. Subsequently, Towse and Hitch (1995) proposed an alternative to the capacity trade-off account according to which the relationship between span and speed of operations is because faster operations allow less time for information stored in working memory to be forgotten. In support of this, Towse and Hitch (1975) found that counting span was lower when counting time was lengthened by increasing the number of targets. This manipulation was assumed to have no effect on how much working memory capacity was required for counting operations. On the other hand, when the processing difficulty of discriminating targets from distractors was altered, there was no effect on counting span over and above what would be expected from the change in counting time. Towse and Hitch (1995) therefore argued against a resource trade-off interpretation of the relationship between counting speed and counting span. However, they agreed with Case et al. (1982) on the basic point that counting span reflects limitations due to working memory. Thus, if mental addition is constrained by working memory in the same way as counting span, we should observe a similar relationship between the accuracy of mental addition and the speed of addition operations. In order to test this prediction it was first necessary to devise a suitable measure of mental addition accuracy.
One such measure is suggested by the operation span procedure used by Turner and Engle (1989) in which adults verified a series of arithmetical relationships [e.g. (9/3) 0 2 Å 1] and later recalled the answers stated on the right hand side of the equations. This procedure combines separate subtasks involving operations and storage in the same way as counting span and other working memory span tasks such as reading span (Daneman & Carpenter, 1980) and complex word span (La Pointe & Engle, 1990) . Moreover, operation span could readily be adapted so that children were given mental additions to verify. However, it would remain an artificial task in which the storage subtask is extrinsic to the mental addition component. What we were more interested in was whether the intrinsic storage and processing demands of mental addition tax working memory in children. The storage demands of mental addition seemed likely to be considerable and to include keeping track of partial results and internal counting operations as well as remembering the original numbers to be added. We therefore sought a method for measuring the limit on the accuracy of children's mental addition as a function of its intrinsic processing and storage demands. We achieved this by devising an addition span procedure in which children were given progressively more complex additions, each involving a pair of numbers, to find the limit at which errors were made. Complexity was altered by increasing how many digits there were in the two numbers to be added together.
We investigated the relationship between mental addition span and the speed of addition operations by varying factors likely to affect the speed of adding integer pairs. Age was one variable expected to have a large effect, given that there is a qualitative change from early dependence on slow, algorithmic counting procedures through to fast and accurate retrieval of stored number facts from long-term memory (Ashcraft & Fierman, 1982; Hamann & Ashcraft, 1985; Ashcraft, 1990 ; see also LeFevre et al., 1996) . Speed is also influenced by the problem-size effect (Ashcraft, 1992 (Ashcraft, , 1995 , according to which larger digit pairs tend to take longer to add (e.g., 8 / 7 takes longer than 3 / 1). Addition span was therefore determined for additions which differed in the level of difficulty of their component integer operations and for children of different ages. The question was whether changes in addition span with age and difficulty would be systematically related to changes in integer addition speed with age and difficulty, by analogy with the monotonic relationship between counting speed and counting span reported by Case et al. (1982) .
A further aim of the investigation was to assess the generality of conclusions by repeating the study using samples of children speaking different languages and undergoing schooling in different cultures. An opportunity arose to replicate an initial experiment on British children attending schools in England using a group of German children attending German schools. One reason such a replication is interesting is that the syntax of the German number system differs from English. For example, the ''tens'' and ''units'' are reversed when spoken as in ''vierundachtzig'' for ''eighty-four.'' This difference in syntax may be reflected in German speakers using algorithms for addition in which the order of operations is different. There are also other cultural differences, such as the fact that children start schooling rather later in Germany and mathematics teachers tend to place far more emphasis on practicing oral mental arithmetic skills (Bierhoff, 1996) . Repeated practice involving basic addition has been cited as the process whereby children form representations of number facts in long-term memory (Siegler & Schrager, 1984; LeFevre et al., 1991) .
We were interested in whether there would be similarities in patterns of performance across cultures, despite numerous differences of the sort noted above. We argued that if working memory constrains the dynamics of combining operations with temporary storage in mental addition, differences in the detailed nature of the storage and processing operations, such as those associated with language and culture, should be relatively unimportant. Thus in both English and German-speaking children we expected to observe the same form of relationship between addition span and speed of arithmetical operations and similar differences between spans for oral and visual presentation of the problems.
As there were only minor differences in the designs, procedures, and results of the two experiments, they are reported together.
EXPERIMENTS 1 AND 2

Method
Subjects. In Experiment 1, participants were 80 children from four year groups attending an urban primary school in the Lancaster area. The composition of the groups and their mean ages were as follows: Year 3 (10 male, 10 female) 7 years 11 months, SD 3 months; Year 4 (5 male, 15 female) 9 years 1 month, SD 3 months; Year 5 (10 male, 10 female) 10 years 1 month, SD 3 months; and Year 6 (12 male, 8 female) 10 years 11 months, SD 4 months. Children were selected by their class teachers on the criterion that they could solve single digit additions up to and including 9 / 8.
In Experiment 2, participants were 102 children drawn from three year groups in two rural primary schools near the German city of Mainz. Grade 2 children (16 male, 18 female) had a mean age of 8 years 6 months, SD 4 months; Grade 3 (19 male, 15 female) were aged on average 9 years 6 months, SD 4 months; and Grade 4 pupils (14 male, 20 female) 10 years 6 months, SD 4 months. Selection was based on parental consent.
Design. Experiment 1 used an entirely within-subjects design in which all children performed both visual and oral addition speed and visual and oral addition span tasks. Each task was performed under each of three conditions of difficulty of the integer operations used to construct the multidigit additions (see below). Order of presentation of the speed and span tasks was counterbalanced. Half the subjects received the visually presented tasks first, half the oral. Also, the order in which each condition of difficulty was presented in the speed task was rotated.
The design of Experiment 2 was identical save that as access to each child was limited to a maximum of 15 min., presentation mode was varied as a between-subjects factor. Thus half the children were presented with the speed and span tasks in the oral mode, and half in the visual mode. Children were randomly assigned to each of these two conditions. Materials. The speed task consisted of sets of ten additions of pairs of integers. The difficulty of the operations in each set was designated as either Easy (e.g., 2 / 3), Hard (e.g., 4 / 5) or Carry (e.g., 6 / 7). The differentiation between Easy and Hard pairs was based upon RT data reported by Groen and Parkman (1972) . Of the 35 integer pairs summing to less than 10 (obtained by excluding 1 / 1 and pairs involving zero), 19 were classified as Easy (RT õ 3.2 s) and 16 as Hard (RT ú 3.2 s). The Carry additions were all the 32 integer pairs (excluding ties) with sums between 11 and 17 inclusive. Two sets of additions for each type of operational difficulty (Easy, Hard, and Carry) were constructed by random sampling from these item pools. One set was assigned to the oral condition, the other to the visual condition. For visual presentation, the additions were written onto pastel colored cards (size 105 1 70 mm) in black nylon marker pen 45-mm high in a standard horizontal format (e.g., 7 / 8 Å).
Materials for measuring addition span were three lists of additions of increasing complexity (as reflected by the number of digits and the number of integer additions, e.g., 8 / 1, 21 / 7, 122 / 3, 31 / 26, 231 / 16, etc.). There was one list for each of the three types of difficulty of the addition operations (Easy, Hard, and Carry). Each list contained two additions at each level of complexity. Problems for the Easy Operations and Hard Operations lists were constructed by randomly selecting integer pairs from the relevant item pools, with any unpaired integers selected at random from the integers 1 and 2 (see Table 1 ). Problems in the Carry lists contained one randomly chosen integer pair from the Carry item pool per problem, with all other integer pairs taken from the Easy item pool and any unpaired integers as above. (Pilot work indicated floor effects if all the pairs were taken from the Carry pool.) The position of the carry was varied randomly so that subjects could not anticipate in advance where it would occur.
Two sets of addition span materials were constructed for use in the visual and oral presentation conditions, respectively. Problems for visual presentation were written onto pastel coloured cards (size 210 1 70 mm). Numerals were written in black nylon marker pen 45-mm high in the standard horizontal format (e.g., 723 / 813 Å).
In Experiment 2 the materials were identical except that the digit 7 was written in the continental style (i.e., with a horizontal cross line). Procedure. In Experiment 1, children first completed the six speed tasks (2 presentation modalities 1 3 operational difficulties) under instructions to say the answers as fast as possible without mistakes. The ten integer additions in each set were presented in turn, at a rate determined by the child's answers. In the oral presentation condition the male experimenter read aloud each addition (e.g., ''six add three''). In the visual presentation condition each card was presented and remained visible until the answer was given. The total time to answer all ten sums from the start to the end of the task was determined using a stopwatch. All answers were recorded.
The addition span task involved presenting problems of increasingly complex additions to find the limit beyond which accurate performance broke down. In the oral condition, problems were read aloud by the experimenter using natural expression (e.g., ''one hundred and twenty-one add seven''). In the visual condition, problems were presented on cards, each card remaining in view until the subject had given an answer. Half the subjects were presented with the oral task first, half the visual. For each modality of presentation the three types of problem, differing in operational difficulty, were examined concurrently. This was to avoid children anticipating the precise type of problem in advance and adopting atypical strategies. Thus, at each level of complexity, an Easy Operations problem was followed by a Hard Operations problem and then a Carry Operation problem. For example, a child might first be presented with 8 / 1 Å ?, then 3 / 5 Å ?, and then 5 / 9 Å ? If the child correctly answered all three problems, he or she would progress to the next level of complexity, starting with an Easy Operations problem (e.g., 21 / 7 Å ?; see Table 1 ). If a problem was incorrectly answered, a second problem with the same structure was given. A correct response on the second attempt allowed the child to progress to the next level of complexity for problems with that type of operation. However, a second error terminated the span procedure for problems of that type. The entire procedure was terminated when the subject had made two consecutive errors for each of the three types of problem. A span was determined for each type of problem by awarding one point for each level of complexity at which the subject correctly answered at least one problem (e.g., correct solution of Easy Operations problems up to and including the level typified by 141 / 15 Å was given a span score of 5; see Table 1 ). Experiment 2 used the same procedure except that each child performed the speed and span tasks in only one modality, and the experimenter who presented the oral problems was a female native German speaker.
Results
Span tasks.
In both experiments, mean addition spans were higher for visual than oral presentation, they decreased with increasing operational difficulty, and they increased with age (see Table 2 ). Separate three-way (age 1 operational difficulty 1 presentation mode) analyses of variance on the span data from each experiment revealed similar results (see Table 3 ). Thus, all the main effects were significant. There was an interaction between age and mode of presentation, reflecting a larger benefit from visual presentation for older children (see Figs. 1 and 2 ). There was also a significant interaction between mode of presentation and operational difficulty, corresponding to a larger advantage for visual presentation for problems with lower operational difficulty. The remaining interactions were nonsignificant.
Planned comparisons were used to examine the effect of presentation modality in greater detail. In both experiments these showed that spans were significantly higher (p õ .05) in the visual modality at all three levels of operational difficulty and for all age groups except the youngest children for Carry problems. Although the youngest children did record marginally higher spans for the carry problems in the visual task, the differences were nonsignificant (Experiment 1: F(1,76) trials containing errors were not excluded). In both experiments, times decreased with age, increased with increasing operational difficulty, and were faster for visual than for oral presentation. Separate three-way (age 1 operational difficulty 1 presentation mode) analyses of variance were carried out on the speed data from each experiment (see Table 5 ). The results were the same in all respects save that the interaction between operational difficulty and presentation modality was significant in Experiment 1 but not in Experiment 2. The discrepancy is merely noted here as the aims of the study do not relate to this interaction in any obvious way.
FIG. 1. Graph of group mean addition spans by age, operational difficulty, and presentation mode (Experiment 1).
FIG. 2. Graph of group mean addition spans by age, operational difficulty, and presentation mode (Experiment 2).
As expected, errors in adding pairs of integers were infrequent (see Table  6 ). However, they provided useful confirmation of the effectiveness of the manipulation of operational difficulty, as errors typically increased going from Easy, to Hard, to Carry pairs. Errors also showed the expected decrease with age, and the oral task produced slightly more errors than the visual task.
Speed/span correlations. For each experiment, individual differences were examined by correlating children's mean times for integer additions with their addition spans. This was done separately for each level of operational diffi- culty and for the oral and visual presentation conditions, both within age groups and for all ages combined (see Table 7 ). The correlations were predominantly negative, indicating that in general, faster operations were associated with higher spans. More specifically, 14 of the 24 within age-group correlations for Experiment 1 were significant at the 5% level. However, only 1 of the 18 corresponding correlations was significant in Experiment 2. In the analyses of data from all age groups combined, all 6 correlations were significant in both experiments. Eleven of these 12 correlations remained significant when age was partialed out.
The relationship between addition speed and addition span across age groups and operational difficulties was examined using regression analyses. Figures 3  and 4 illustrate mean mental addition span as a function of mean speed of addition for oral and visual presentation in the two experiments. The data indicate relatively good fits to linear functions in all cases. Thus, regression analyses on the data from Experiment 1 showed that oral span Å 5.13 0 0.03C (where C is calculation time and r Å 0.85), and that visual span Å 8.05 0 0.07C (r Å 0.83). Corresponding analyses on the data from Experiment 2 showed that oral span Å 5.32 0 0.03C (r Å 0.81) and that visual span Å 8.46 0 0.07C (r Å 0.86). It is noteworthy that the parameters of the best-fitting functions appear to be consistent across experiments, while the parameters for the oral and visual tasks appear to be systematically different.
Discussion
The main aim of the study was to address the role of working memory in limiting children's oral mental addition performance. Two aspects of the results bear centrally on this issue. One is the prediction that visual mental addition spans should be higher than oral spans, as the visual display provides an external record of the addends to supplement working memory (Hitch, 1978) . The other is the prediction of a relationship between mental addition span and integer addition speed of the type shown previously for the counting span task (Case et al., 1982) .
The results of both experiments agreed in showing that children's visual addition spans were consistently higher than their oral spans across all three FIG. 3 . Correlation of group mean addition speed and span scores for all three levels of operational difficulty (oral and visual presentation, Experiment 1). levels of operational difficulty and all age groups. Thus, providing an external record of the addends is helpful, suggesting that remembering the addends rather than arithmetical competence constrains children's mental addition spans under oral presentation. It could be argued that the effects of presentation condition reflect the modality rather than duration of presentation. However, immediate memory for verbal materials is similar for auditory and visual presentation, with the main exception that auditory presentation gives rise to better recall of the most recent item or two (Murdock, 1967) . It is therefore difficult to see how modality per se could explain the span differences reported here.
The interaction effects involving presentation modality of the addition span task provide further evidence for the role of working memory. One of these is that older children benefited more from visual presentation than younger children. This can be explained by noting that older children were able to do oral sums involving longer addends. Therefore, at the limit of complexity set by oral span, visual presentation provided older children with more information to supplement working memory than younger children. A related finding is that the benefit of visual presentation was greater for calculations involving easier integer operations. This can be explained in a similar way by noting that oral spans were higher for problems involving easier operations, so once FIG. 4 . Correlation of group mean addition speed and span scores for all three levels of operational difficulty (oral and visual presentation, Experiment 2). again, at the limit set by oral span, visual presentation supplemented working memory with a greater amount of information.
More generally, the results indicate boundary conditions beyond which competence and not working memory may be the limiting factor. Thus, when the youngest children were given additions involving carrying, their spans were low and the small benefit from visual presentation was not significant. This suggests that some of the youngest children's performance on these problems may have been constrained by a lack of competence with the carry operation. The accuracy of these children's performance on the speed task suggests they had some problems in adding pairs of digits that generate a carry (see Table 6 ). Despite this it seems that for most school-aged children, oral mental addition is limited by working memory and not by competence. However, competence limitations would clearly be expected to be more pervasive with less practiced mental arithmetic skills than addition.
The second major prediction concerned the relationship between mental addition span and the speed of adding integer pairs. The results fulfilled the expectation that the speed of addition would be sensitive to children's age and the difficulty of the operations, consistent with previous research on age differences (e.g., Ashcraft & Fierman, 1982; Kaye et al., 1986; Geary et al., 1991) and the problem-size effect (Ashcraft, 1992 (Ashcraft, , 1995 . As regards the speed/span relationship, children who were fast at performing integer additions tended to have higher addition spans, and these differences remained important even when age was partialed out. However, this correlation does not constrain interpretation greatly, given that the speed and span tasks involve similar processes. The critical result is the observation of an approximately linear relationship between span and speed across age-groups and differences in difficulty of the calculation operations (see Figs. 3 and 4) . This is the same type of relationship that Case et al. (1982) found for counting span, and we interpret this as suggesting that both types of span reflect a similar underlying constraint imposed by working memory.
It is interesting that the way the mental addition task was presented affected the parameters of the speed/span relationship and not its form. This suggests that performance is still limited by working memory even when, as with visual presentation, the numbers to be added do not have to be stored in working memory. At first sight this might seem anomalous. However, it is clear that making the numbers to be added permanently visible does not obviate the need to keep track of partial results or to combine memory for partial results with mental operations. Thus, we would argue that mental arithmetic with oral and written numbers are both tasks that load working memory, albeit that the load is lower when the numbers are written.
It is remarkable that the parameters for the span/speed relationship were so similar to those for the German and British samples. Informal observations revealed that over half the British children showed evidence of counting such as using fingers, nodding, or lip movements. As expected, such behaviors were more common in the younger children, but several older children also showed them. In contrast, the majority of German children, including the youngest group, appeared to rely on retrieval, or at any rate, strategies that did not involve overt signs of counting. We therefore conclude that the relationship between addition speed and addition span is relatively insensitive to cultural variation in the nature of addition operations. As noted above, a possible reason for the difference in addition behavior is the tendency for German children to receive more practice in mental arithmetic (Bierhoff, 1996) . However, no reliable information was available concerning the educational training that children in the present study had received.
It is also remarkable that the plots of span against speed indicate a smooth linear function spanning a period of education and development in which there are marked qualitative changes in the way arithmetical operations are performed (Ashcraft & Fierman, 1982; Hamann & Ashcraft, 1985; Ashcraft, 1990) . We conclude from this that the relationship between addition speed and addition span is relatively insensitive to developmental variation in the nature of addition operations. More generally, a lack of sensitivity to the specific form of operations (both developmentally and cross-culturally) is precisely what would be expected on the assumption that working memory is a central, general-purpose resource.
It is informative to compare addition span with tasks that are standardly used to measure working memory, such as counting span, operation span, reading span, and complex word span (see above). As stated earlier, addition span differs in being a natural skill with intrinsic storage and processing components that are difficult to separate out. In contrast, separate storage and processing components are explicitly built in to the standard tasks. This makes the standard tasks easier to analyze. Moreover, in the absence of a detailed model of multidigit addition it is difficult to interpret addition span in terms of parameters of working memory. However, addition span has an advantage in being a natural task with high intrinsic educational and practical importance. The present evidence that addition span reflects working memory dynamics in the same way as the standard but more artificial task of counting span, suggests that it may be a useful tool in future investigations.
To conclude, the present results extend previous evidence concerning the involvement of working memory in arithmetic in both adults (e.g., Hitch, 1978; Logie et al., 1994; Posner & Rossman, 1965) and children (Hitch et al., 1987) . They are inconsistent with the claim that performance in reasoning tasks is independent of (verbatim) memory for the problem information (Brainerd & Reyna, 1993) . However, Brainerd and Reyna (1992) acknowledged the possibility of exceptions to such independence and noted mental arithmetic as a likely example (see also Brainerd & Reyna, 1988) . The present results also seem at odds with the observation of preserved calculation ability in a neuropsychological patient with a marked working memory impairment (Butterworth et al., 1996) . However, the patient had been a pharmacist and may have been relatively expert at arithmetic prior to his illness. In the absence of an indication of his premorbid arithmetical ability, it is at the very least unclear whether his mental calculation was unimpaired.
Thus, to summarize, the studies reported here were designed to evaluate the role of working memory in schoolchildren's arithmetic. It was found that when working memory load was reduced by making the addends in a mental addition task permanently available, performance improved. It was also found that there was a systematic relationship between mental addition span and the speed of integer addition. These findings generalized over cross-cultural differences between British and German children. Taken together the results suggest that working memory is an important general-purpose resource supporting schoolchildren's mental arithmetic performance. The evidence that mental addition reflects the dynamics of working memory in the same way as the artificial task of counting span is important in generalizing previous findings to a natural task with direct practical applications.
